Background. Following detection of pandemic influenza A H1N1 ( pH1N1) in Dallas/Fort Worth, Texas, a school district (intervention community, [IC]) closed all public schools for 8 days to reduce transmission. Nearby school districts (control community [CC]) mostly remained open.
During the beginning of the 2009 H1N1 pandemic, school closures were implemented despite a lack of consensus on their effectiveness as a disease mitigation strategy [1] . Although previously published modeling, historic, and epidemiologic studies suggest that school closure is effective in reducing influenza transmission, the limitations of these studies have resulted in little agreement [2] [3] [4] [5] [6] [7] [8] [9] . We utilized a unique opportunity, during the 2009 H1N1 pandemic, to evaluate the effectiveness of school closure using a natural experiment. Given that school closure remains an important nonpharmaceutical intervention for pandemic influenza planning, evaluating its effectiveness is a priority.
BACKGROUND
Following the emergence of 2009 pandemic influenza A H1N1 virus ( pH1N1) in April 2009, outbreaks first occurred in the United States and Mexico, and rapidly spread throughout the world [10] [11] [12] . School-aged children were disproportionately affected [13] [14] [15] [16] [17] . In the absence of vaccine, nonpharmaceutical interventions, including hygienic and social distancing measures, were key tools employed for mitigating the impact of this novel influenza early in the pandemic [18] .
Dallas/Fort Worth, the fourth largest metropolitan area in the United States, with a population of 6.3 million, experienced its first cases of pH1N1 in late April 2009. Tarrant and Dallas counties are adjacent and in the center of the metropolitan area, which encompasses 12 counties (Supplementary Figure 1) . By 30 April, these 2 counties each had <70 laboratory-confirmed cases and ≤2 pH1N1 hospitalizations. After identifying the first few pH1N1 cases within schools, school district A in Tarrant County, which enrolls 80 000 kindergarten through 12th-grade (K-12) students (aged 5-18 years), closed its schools from 30 April to 7 May 2009. School district B in Dallas County, which enrolls 33 000 K-12 students, had few pH1N1 cases identified in their schools, but none of these schools closed during the study period. There were no other large-scale school closures in these counties. These events provided an opportunity to compare the impact of an early largescale school closure on acute respiratory illness rates.
METHODS
We conducted a household survey of families with children enrolled in school district A (intervention community [IC] ) and school district B (control community [CC] ) to compare the rates of self-reported acute respiratory illness (ARI). To determine if there was an impact on the broader community, we also analyzed chief complaint data from emergency departments (EDs) in the region.
This investigation was determined to be an evaluation of a public health response and thus nonresearch, and not requiring review by an institutional review board.
Household Survey
We surveyed all schools (K-12) in each of the 2 districts (109 schools in school district A, 32 schools in school district B). For each school, we randomly chose 1 grade to sample, using a systematic random cluster sample methodology. Because of the difference in size between the districts, only 1 classroom from the randomly selected grade was chosen for survey distribution by the principal of each school in school district A, while in school district B 3 classrooms from the randomly selected grade were chosen for survey distribution by the principal of each school.
We distributed the questionnaire to parents by sending them home with students on 29 May 2009. We asked about household composition, demographics, and ARI. We asked about the presence of fever, cough, sore throat, runny nose, diarrhea, and nausea/vomiting, and about the timing of illness onset among household members: before the school closure (12 April [Easter] until 29 April), during the school closure (30 April-7 May) and after the schools reopened (8 May until survey completed). Parents returned the surveys to the school by 4 June, the last day of school. The survey was provided in English and/or Spanish. Trained bilingual interviewers made up to 3 attempts to reach all nonrespondent households unless the phone number was incorrect or participation was refused. Phone surveys were conducted 8-23 June 2009.
Analysis of Household Survey Data
Data were entered into a Microsoft Access database and analyzed using Stata 11 software (StataCorp LP, College Station, Texas). We defined ARI as the presence of at least 2 of the following symptoms: fever, cough, sore throat, or runny nose. We calculated ARI rates for 3 time periods: before the school closure, during the school closure, and after the schools reopened, adjusting for the different lengths of each time period. We compared the differences in the changes in rates of ARI in the IC and the CC during these time periods. Individuals who did not assign a time period to their symptoms (n = 147) were excluded from analysis.
We used the difference-in-differences (DiD) method to estimate the impact of the school closure on ARI [19] . The formula below describes an unadjusted DiD for changes in ARI from the period before the intervention to the period during the intervention: DiD ¼ ðARI CC;During À ARI CC;Before Þ À ðARI IC;During À ARI IC;Before Þ In this formula, ARI is the average ARI rate in a given school district (either IC or CC) and for a given time period (before, during, or after the school closure). The DiD estimator removes biases in second-period comparisons between the intervention and control groups that could be the result of previously existing differences between them, as well as biases from comparisons over time in the intervention group that could be the result of trends independent of the intervention.
We calculated the DiD estimator for changes in ARI rates from before to during and from during to after the school closures. The null hypothesis that DiD is equal to zero was examined using the Wald test. This analysis was conducted for the entire sample and stratified by age group (0-5 years, 6-18 years, and ≥19 years). As a measure of the relative impact of the intervention, we calculated the percentage difference between the observed ARI rate in the intervention community during the school closure and the ARI rate that would have been observed had ARI rates increased as they did in the control community (Supplementary Methods 1) .
In addition, we used mixed-effects logistic regressions, for the entire sample and stratified by age group, to model the probability of ARI as a function of individual characteristics, household characteristics, school district of residence, and time period. In this regression model, the coefficient of interest was the interaction between the school district and time period indicators. This coefficient allowed us to estimate the odds of ARI in the intervention community relative to the odds in the control community during the closure, adjusted for differences in ARI rates that existed before the closure and for changes in ARI rates unrelated to the closure. Separate logistic regressions were estimated comparing changes in the probability of ARI from before to during and from during to after the school closure. In order to account for clustering and sampling design, these regressions included random coefficients for individuals, households, and schools. We tested for multicollinearity between the variables included in the regression using variance inflation factors and variance decomposition analysis (Supplementary Methods 2).
Finally, because childcare centers in both areas were not closed during the study period, we conducted a separate analysis in which we added another control group within the intervention community. We compared individuals in the intervention community who lived with only school-aged children (no children aged 0-5 years in the same household) with (1) those in the IC who lived with young children (0-5 years) and (2) those living with only school-aged children in the CC. In this analysis, we estimated a mixed-effects logistic regression for the entire sample, similar to that described in the paragraph above. We added to this regression model a term with a triple interaction between school district, time period, and an indicator variable for individuals who lived with a child aged 5 or younger (in addition to the full set of main effects and interactions between the terms in the triple interaction) (Supplementary Methods 3).
Emergency Department Data
We assessed the association of school closure with self-reported ARIs in the broader community by analyzing chief complaint data from EDs. These were collected by the Electronic Surveillance System for the Early Notification of CommunityBased Epidemics (ESSENCE) from 1 January to 31 May 2009 [20] . These data ( provided by the Southwest Center for Advanced Public Health Practice, Tarrant County Public Health) come from EDs whose hospitals have 96% of the acute hospital beds in Tarrant and Dallas counties. Patient's residence zip codes (ie, postal codes) were specified for each visit. Patient chief complaints were not verified by physicians, and discharge diagnoses were not reported as part of this syndromic surveillance system.
We extracted from ESSENCE self-reports of influenza using keywords (flu, influenza), and patient reports of symptoms of influenza-like illness (ILI; fever plus cough and/or sore throat). We defined extracted cases as ED flu visits. The intervention community (IC ED ) included 15 zip codes entirely served by school district A and 4 zip codes with an area mostly covered (>50% of the geographic area) by school district A. All the remaining zip codes in Tarrant and Dallas counties were considered the control community (CC ED ), including 9 zip codes with <50% of their geographic area served by school district A. Patients who reported residence zip codes outside of Tarrant and Dallas counties were excluded.
Analysis of Emergency Department Data
As in the analysis of the household survey, we defined 3 time periods: before the closure, during the closure, and after schools reopened. Although the actual closure dates were 30 April-7 May 2009, we added 2 consecutive school days to the periods before and during the closure to account for the incubation of disease; thus, in our analysis, we used 2-12 May as the closure period [21] .
We calculated daily rates of ED flu visits in each community by dividing the number of ED flu visits by the total number of ED visits. We compared differences in rates of ED flu visits in the IC ED with the CC ED in each period. Because our data collection does not involve random sampling and the data come from EDs whose hospitals have 96% of the acute hospital beds in the 2 counties, no statistical analysis is needed for comparisons.
RESULTS

Household Survey
Response and Demographic Characteristics A smaller proportion of households responded in the IC (1187/2725 [44%]) than in the CC (1155/1944 [59%]) (P < .001). There were also small differences in the distribution of race/ethnicity and age that also reached statistical significance (P < .05). Data were available for analysis for 5188 household members in the IC and 4842 in the CC (Table 1) .
Acute Respiratory Illnesses in Household Members
Overall, 619 individuals met the ARI case definition; 238 of 300 (79%) in the IC and 234 of 319 (73%) in the CC provided illness onset dates and thus were included in the analysis. The frequency of symptoms and distribution of symptom combinations for ARI can be found in Supplementary Table 1 and Supplementary Table 2 . In both communities, self-reported ARIs increased from before to during the school closure, but the increase in ARI rates was 45% lower in the IC (0.6% before to 1.2% during) than in the CC (0.4% before to 1.5% during); RRR During/Before = 0.55, P < .001) ( Figure 1, Table 2 ). Overall, the DiD in ARI rates from before to during the school closure in the IC was −0.47 percentage points compared with the CC (P = .046), representing an ARI rate in the IC during the school closure that was 29% lower than it would have been had ARI increased as it did in the CC. This effect varied by age ( Table 2 ). The DiD in ARI rates from during the closure to after school reopening showed no significant differences between the IC and the CC (Table 2 ).
In the logistic regression analysis, the adjusted odds ratio (AOR) of reporting ARI during the school closure in the IC was 51% lower (0.49, P = .03) than in the CC, controlling for differences between the 2 communities in the odds of ARI before the school closure. This effect also varied by age (Table 3) . We found no statistically significant difference in the odds of ARI between the 2 communities when comparing the period during the closure to after the schools reopened (Supplementary Table 3 ). We did not find evidence of multicollinearity in our regression models (Supplementary Results). Weekly rates of acute respiratory illness among survey participants, by period of onset of first symptom and community of residence, 12 April-23 June 2009. Acute respiratory illness was defined as the presence of at least 2 of the following symptoms: fever, cough, sore throat, or runny nose. The intervention community included respondents from households in school district A; the control community included respondents from households in school district B. P values are from Wald tests of the difference-in-differences estimator for the change in rates of acute respiratory illness, either from before the closure to during the closure, or from during the closure to after schools reopened. Abbreviations: ARI, acute respiratory illness; CC, control community; DiD, difference in differences; IC intervention community. a ARI was defined as the presence of at least 2 of the following symptoms: fever, cough, sore throat, or runny nose.
b The IC includes respondents from households in school district A; the CC includes respondents from households in school district B.
c DiD is equal to the change in the ARI rate in the IC from the first period to the second period minus the change in the ARI rate in the CC between the same 2 periods.
d P values were calculated using the Wald test.
Effect of Preschool-Aged Children in the Household
In a separate within-group analysis, we found that in the IC, before the school closure, there were no significant differences (AOR = 1.08, P = .881) between individuals who lived with young children aged 0-5 years and those who did not live with children of this age. However, during the school closure, the odds of reporting ARI increased 3-fold (AOR = 3.05, P = .029) for individuals in the IC who lived with young children, compared with others in the IC who did not live with children aged 0-5 years. In the same analysis, focusing on individuals who live with only school-aged children (ie, no children 0-5 years), the AOR of ARI for these individuals in the IC was 72% lower (0.28, P = .001) during the school closure relative to the CC (Supplementary Table 4 ).
Emergency Department Data
The percent of daily ED flu visits in the IC ED and the CC ED were similar to each other from January through April 2009; this time period includes a seasonal influenza peak in February (Supplementary Figure 2) . There was a significant increase in the percent of ED flu visits in both the IC ED and the CC ED in late April, coincident with significant media attention about pH1N1 ( Figure 2 ). The percentage of ED flu visits was similar in the IC ED and CC ED in the period before the school closure (Supplementary Table 5 ). The percent of ED flu visits in the IC ED increased from 2.8% before to 4.4% during the school closure, whereas in the CC ED the percentage of ED flu visits increased >2-fold: from 2.9% to 6.2%. Among children aged 6-18 years, the percentage of ED flu visits in the IC ED remained constant (5.1% before school closure; 5.2% during), whereas in the CC ED the percentage of ED flu visits doubled from 5.2% to 10.9%. The difference between the 2 communities during the closure in rates of ED flu visits for "all ages" can be explained mostly by the difference in rates among 6-18-year-olds. The percentage of ED flu visits decreased and returned close to baseline in both communities after the schools reopened (Figure 2) .
DISCUSSION
This natural experiment provides evidence that supports the effectiveness of early school closure in reducing ARIs in the community during the period of closure. Two major strengths of this study are having a comparison group and 2 independent sources of data. Importantly, this closure was implemented at a time of low influenza activity and for only 8 consecutive days; yet, we found a reduction in ARIs and in ED flu visits in the IC compared with the CC. We found an even greater impact on ARI reduction when the analysis was limited to households with school-aged children only (ie, no children 0-5 years) in the IC vs CC. We also observed the greatest impact among school-aged children when analyzing ED flu visits.
Our study was subject to some limitations. Outcome measures were based on self-reported ARI, not laboratory-confirmed influenza. The circulation of influenza may have been different between the communities in our study. However, the 2 populations are geographically adjacent and have similar demographics. Moreover, during the first 4 months of 2009, before school closure, patterns of ED flu visits were similar. Given the low prevalence of ARI reported in the community, the spike in ED flu visits seen in late April may have been due to many factors, such as media-generated concern about pH1N1. This pattern was seen in many places during the emergence of pH1N1. During this time, 4.9% of clinicianconfirmed ILIs tested positive for pH1N1 at the largest pediatric hospital in Dallas [22] . (This study used a modified definition for ILI; fever >38°C and 2 signs or symptoms of viral infection; the Centers for Disease Control and Prevention defines ILI as temperature >100°F [>37.8°C] plus cough or sore throat.) School districts did not exactly match zip codes; thus, 13 zip codes included a mixture of students from school district A and other school districts that remained open. This potential bias, however, is likely to increase the chances of finding no difference between the 2 communities. Relying on school principals to select classrooms within randomly chosen grades could have also introduced biases, but we cannot assess either the degree or direction of such biases. The household survey was distributed 3 weeks following the reopening of schools in school district A introducing the potential for recall bias. Response rates were low and differed between the intervention and control communities, raising the potential for participation bias. There were some small differences in respondent characteristics; however, the DiD and the multivariate analyses control for these differences. Onset dates for illness were not known for 21% of respondents in the IC and 27% of respondents in the CC. Collecting data from the field immediately following an outbreak may have resulted in the survey data containing biases, but the data related to the ED visits showed similar effects. It is possible that there were biases that affected both the survey and ED data; however, we are not aware of any factors in the community that could have affected both sources of data in the same manner. We did not measure the impact of closures on school absenteeism following reopening of schools. We did not investigate the concurrent use of other mitigation measures in these communities. In addition, although there were differences between communities for both ARI and ED flu visits, these effects were measured during time of public concern. However, this would only affect the results if the level of concern differed between communities.
The effectiveness of school closure as an intervention for reducing influenza illnesses during a pandemic is a complex issue to study. Our study documents a reduction in ARI and ED flu visits in the IC compared with the CC during school closure. Our findings can be used to assess the potential benefit of school closures during influenza pandemics, and are consistent with previously published modeling, historic, and epidemiologic studies [2-9, 23, 24] .While this natural experiment adds to our knowledge of the effectiveness of school closure, additional research is needed to better understand the long-term benefits, societal acceptability, and costs of this intervention. Future studies should consider prospectively measuring school closure impact using laboratory-confirmed influenza.
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